Indoor mold concentrations were measured in the dust of moldy homes (MH) and reference homes (RH) by quantitative PCR (QPCR) assays for 82 species or related groups of species (assay groups). About 70% of the species and groups were never or only rarely detected. The ratios (MH geometric mean : RH geometric mean) for 6 commonly detected species (Aspergillus ochraceus, A. penicillioides, A. unguis, A. versicolor, Eurotium group, and Cladosporium sphaerospermum) were w1 (Group I). Logistic regression analysis of the sum of the logs of the concentrations of Group I species resulted in a 95% probability for separating MH from RH. These results suggest that it may be possible to evaluate whether a home has an abnormal mold condition by quantifying a limited number of mold species in a dust sample. Also, four common species of Aspergillus were quantified by standard culturing procedures and their concentrations compared to QPCR results. Culturing underestimated the concentrations of these four species by 2 to 3 orders of magnitude compared to QPCR.
Introduction
Mold growth in homes, schools and other buildings has become a major issue of public concern. The use of a combination of methods, including visual inspections, moisture testing and culture-and/or microscopy-based microbial analyses of air and surface samples, is considered to be the best means of identifying building mold problems. 1, 2 Performing all of these procedures can require considerable time, labor and expense, however, and their results are only as valid as the thoroughness and competence of the inspectors and analysts performing them. The development of more rapid, inexpensive and standardized methods for mold analysis and interpretation of the results could greatly contribute to reducing these costs and uncertainties.
Analyses of house dust samples have been suggested to provide a better indication of cumulative exposures to molds than short-duration air samples. 1, 3 Findings of gradual increases in mold concentrations in floor dust, despite regular vacuuming, 4 suggest that this matrix may serve as a reservoir of fungal contamination. A DNA-based method for quantitative measurement of different species or closely related groups of indoor molds has been developed at the United States Environmental Protection Agency 5 and has been used for the analysis of selected target organisms in environmental samples, including building dust. [6] [7] [8] [9] [10] In this study, 82 QPCR assays were applied to quantify indoor molds in dust samples from MH and RH and the data were used to develop a prototype logistic regression analysis-based approach for the presumptive differentiation of these two categories of homes. Four species of Aspergillus were also quantified by widely used culture-based analysis and the results compared to QPCR analysis.
Experimental Selection of homes and dust sampling
The study homes were selected in a larger, ongoing study in Cincinnati, OH on the interactions between diesel exhausts, aeroallergens, genetics and atopy on children's health. Information on housing characteristics and conditions was collected during walk-through investigations of the study homes and from questionnaires provided to the occupants. In addition, any visible moisture and mold damage in the homes was recorded.
Eighteen homes, having a total area of at least 0.2 m 2 of visible mold growth, were selected as moldy-homes (MH) and 19 reference homes (RH) homes were selected randomly from those with no visible moisture or mold damage or mold damage history. During a walk-through, dust samples were collected from the floor of the primary activity room of the child participating in the larger study. Samples were collected by vacuuming with a Filter Queen Majestic 1 vacuum cleaner (Health-Mor, HMI Industries Inc., Seven Hills, OH) for 2 min m 22 of floor area sampled. Total sampling area was 2 m 2 for carpets. For hard floors, the entire open floor area in the room was sampled. Information on the area and the material vacuumed was recorded. Dust samples were sifted (355 mm sieve) and the fine dust was stored at 220 uC.
Fungal cultures and rDNA sequences
Species names, culture collection sources and relevant GenBank sequence accession numbers of standard cultures used for the QPCR assays are listed in Table 1 . The species assignments were verified, or in some cases revised, from macro-and microscopic examinations of the cultures and by comparisons of their rDNA sequences with those of previously published sequences in GenBank.
QPCR assays and standard curves
Methods have been reported for preparing conidia or spore suspensions from fungal cultures, extracting DNA, performing QPCR analyses and preparing standard calibration curves for target conidia or spore equivalents versus delta cycle threshold values (DC T = C T,target 2 C T,reference ), using co-extracted DNA from Geotrichum candidum as an exogenous reference. 6, 9 Methods for estimating the amplification factors and extrapolating spore or conidia sensitivities of the assays from the standard curves have also been described. 6, 9 All primer and probe sequences used in the assays as well as known species comprising the assay groups are at the website: www.epa.gov/ nerlcwww/moldtech.htm. Primers and probes were synthesized commercially (Applied Biosystems, Foster City, CA; Integrated DNA Technologies, Coralville, IA; Sigma Genosys, Woodlands, TX).
DNA extractions and QPCR enumeration of molds
Mixed, positive control suspensions, containing approximately 10 4 or 10 5 spores or conidia ml 21 of each of the standard cultures listed in Table 1 were prepared as previously described. 9 Dust samples and positive control suspensions were extracted by a rapid bead-milling method. 8 Briefly, 90 ml of the suspensions or 5 mg of dust and 90 ml of AE buffer (Qiagen, Valencia, CA) were added together with 10 ml of a 2 6 10 8 conidia ml 21 reference suspension of G. candidum to sterile 2 ml conical bottom, screw cap tubes (506-636; PGC Scientifics, Gaithersburg, MD), containing 0.3 g of glass beads (G-1277; Sigma, St. Louis, MO) and 100 and 300 ml of lysis and binding buffer, respectively from an Elu-Quik DNA Purification Kit (Schleicher and Schuell, Keene, NH). The tubes were shaken in a Mini Bead-Beater (Biospec Products, Bartlesville, OH) for 1 min at a maximum speed and then centrifuged for 1 min at 8 000g to pellet the glass beads and debris. The supernatants were further purified using a DNeasy kit (Qiagen, Valencia, CA).
QPCR assays for target organism and G. candidum reference DNA in the extracts were prepared using a ''Universal Master Mix'' of PCR reagents (Applied Biosystems, Foster City, CA) and performed in an Applied Biosystems Prism model 7700 sequence detection instrument, as previously described. 6 Numbers of spores or conidia detected in dust samples (N) were calculated using the equation: log 10 (N) = (DC T 2 a)/b, where DC T was the difference in observed C T values between the target and reference organisms (C T,target 2 C T,reference ) for the respective dust sample and a and b (Table 1) were the mean y-intercept and slope parameter values from the standard calibration curves for each target assay group. Parallel analyses of method negative control samples, containing AE buffer only, were performed at a frequency of approximately one per each six test samples analyzed. Mixed, positive control conidia suspensions were analyzed at a frequency of nearly one per each test sample.
Culture based analyses of molds
Fungal colony-forming units (CFU) were isolated from dust samples by standard culturing protocols. 11 Dust samples of 50 mg each were added to 15 ml sterile tubes (Corning Inc., Corning, NY) along with 4. . The samples were incubated at 25 uC for 7 days. Blank media and blank buffer cultivations were used for quality assurance. Colonies of Aspergillus fumigatus, A. niger, A. ochraceus and A. versicolor were identified based on colony appearance and species identifications were confirmed based on conidial structures and appearance using high resolution light microscopy (Labophot 2, Nikon Corp., Tokyo, Japan). The confirmed colonies were enumerated and CFU concentrations calculated per gram of dust.
Statistical analyses
Species (or assay groups) measured by QPCR at average concentrations of less than 2 spores per 5 mg of dust in either MH or RH were eliminated from further analysis. The remaining species or assay groups were each compared by calculating the ratio of the GM in MH to GM in RH. Assay results were categorized into those that had GM ratios w1.0 (Group I) and those v1.0 (Group II).
The differences in the concentrations of measured spores of the species or assay groups between MH and RH were analyzed for statistical significance using the Mann-Whitney U test (SPSS statistical package, version 10, SPSS inc. Chicago, IL). Logistic regression analysis was performed using SAS Proc Probit (SAS Institute Inc., Cary, NC) to estimate the probability of whether a home could be predicted to be a MH based on the sum of the logs of the concentration of species or assay groups.
Results

QPCR assay standard curves and control sample analyses
Standard curve parameter values for the QPCR assays used in this study are listed in Table 1 . Calculated estimates of the amplification factors and extrapolated mean sensitivities of the Stachybotrys, Aspergillus, Penicillium and Paecilomyces assays have been previously reported. 7, 9 Corresponding values for the other assays used for the first time in this study ranged from 1.81 to 2.00 for the amplification factors and from less than one to approximately four conidia per sample for the extrapolated mean sensitivities, based upon a normalized G. candidum reference assay C T value of 17.7 for 2 6 10 6 conidia of this organism per sample (results not shown).
To monitor the precision of the QPCR measurements, a total of 29 positive control samples, containing y10 3 or 10 4 conidia of each of the strains listed in Table 1 were extracted and subjected to analyses by the same panel of assays over the same time period as the dust samples. Using the pooled variance among all assay C T values for these control samples and the overall correlation between target assay and reference assay C T values as previously described, 9 the variance of DC T was determined to be 2.49. This corresponded to a 95% occurrence range about the mean of approximately 40 to 250% for individual measurements. Analyses of 15 sets of no DNA template, negative control samples over the same time period, using the same panel of assays, consistently produced no signals (C T = 40).
QPCR analyses, using the G. candidum reference assay, gave a mean C T value of 20.16, SD = 1.11, for the 37 dust sample extracts, compared with a mean value of 18.90, SD = 1.05, for the 29 control sample extracts. Three of the dust sample reference assay C T values were three standard deviations higher than the mean of the control sample results. However, further analyses of these samples provided no indications of matrix related PCR inhibition. 9 Based upon these results, the mean recovery of fungal DNA from the dust samples in the extraction process was 43% of the control samples and 20% of the normalized standard curve samples. This would indicate, on average, a five-fold reduction in the reported assays' sensitivities caused by the dust matrices. No significant difference was seen in the reference assay C T values of the MH and RH samples (P = 0.69).
Differences between MH and RH in QPCR results
The average total concentrations of mold spores or conidia in MH and RH, as determined from the combined QPCR assay results, were 44 300 and 54 300 spores per 5 mg dust, respectively, and these concentrations were not significantly different (P = 0.43). There were also no significant differences in the concentration of any individual species or assay groups between MH and RH, nor was there a significant difference (P = 0.57) between the average number of different species found in MH (24.5) and in RH (25.5). There were 57 species or assay groups that were only rarely encountered (less than 2 spores per 5 mg dust on average) and these were eliminated from further analysis. Of the remaining species or groups, 6 had GM ratios (MH : RH) w1 and 19 had GM ratios (MH : RH) v1 ( Table 2) .
The sum of the logs of the concentrations of molds in the w1 category (Group I) was significantly higher in MH compared to RH (P v 0.04). Those molds with a GM ratio of v1 (Group II) were significantly lower in MH compared to RH (P v 0.02). The logistic regression analysis of the sum of the logs of the concentration of the 6 species in Group I gave a 95% probability of the house being categorized as MH, if the sum of the logs of the concentrations in Group I was found to be w19.4 (95% fiducial limits: 14.0 to 280.4).
Comparison of QPCR and culture based analyses
The concentrations of Aspergillus fumigatus, A. niger, A. ochraceus and A. versicolor that were calculated from standard culturebased methods (10 1 to 10 2 CFU g
21
) were three orders of magnitude lower than the concentrations of these same species as measured by QPCR analysis (10 3 to 10 5 cells g
) of the same dust samples (Fig. 1) . When the QPCR and cultivation results were compared in the different samples, no significant correlation was found between these two techniques. 
Discussion
QPCR offers a standardized method for the identification and enumeration of molds. It is rapid and easy to perform. The QPCR assays employed in this study are, for the most part, species specific, however, in some cases several species with identical or nearly identical rDNA sequences are simultaneously measured (Table 2) . If it becomes necessary to discriminate between these species, other genes will need to be targeted. 12, 13 In a few cases, e.g. P. chrysogenum or C. cladosporioides, there are multiple rDNA sequevars that might eventually be separated as new species. The assay(s) used in this study detect the sequevar(s) most commonly found indoors.
Virtually all buildings contain molds that are normally introduced primarily from the outside environment.
14 The average total concentration of all molds measured by QPCR in this study was essentially the same in all house dust samples examined and no individual mold was statistically significantly different in MH and RH. Therefore, an empirical process was developed to categorize the molds relevant to distinguishing MH from RH.
The various mold species or assay groups were divided into categories based upon occurrence. Most of the species or groups (n = 57) were not common enough to be evaluated in this manner and were removed from the analysis. By taking the sum of the logs of the concentrations of the 6 species in Group I, abnormal mold conditions in a home, defined in this study as visible mold damage, can be distinguished from a home with no visible mold damage. If the sum of the logs of the concentrations of species in Group I is greater than 19.4, there is at least a 95% probability that it is a MH. The use of easily collected building dust samples in conjunction with this rapid form of analysis offers great potential advantages over other sampling and analysis procedures for identifying mold problems in buildings. For example, this type of analysis could allow for the relatively effortless and inexpensive presumptive identification of mold incursions in hidden building areas such as wall cavities without destructive surface sampling or long term air sampling.
While a large number of assays were employed in this exploratory investigation, the results suggest that analyses of only a few species or groups of species may be all that is necessary to establish that there is an abnormal mold condition. More comprehensive and extensive studies will be required to determine whether this kind of sampling, limited analysis and data handling can be used to describe the mold condition of homes or other buildings in other geographic regions and under all circumstances.
As presently practiced in the industry, the cultivation of the four Aspergillus species examined in this study did not accurately represent the concentrations of these molds in the dust samples. The viable spore concentrations, as measured by cultivation, were much lower than the total spore concentrations, as measured by QPCR. This trend has been previously reported when comparing results from cultivation analysis to those from total microscopic counting. 15 Whether viable or not, mold spores are still potentially allergenic and toxigenic. 16 If the relationship between mold exposure and health is going to be understood, the species composition and concentrations of these species, particularly in the indoor environment, must be accurately measured. The observation that culturing underestimated the concentrations of these four representative Aspergillus species suggests that accurate risk assessments can't be accurately made based on culture data.
